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We examine decadal climate changes (1990 to 2010) over India due to aerosol
emissions using a climate model that includes all aerosol (direct and aerosol-
cloud) effects including changes to snow/ice albedo from black carbon (BC)
deposition. We use two different BC emission inventories for India. New esti-
mates indicate that Indian BC from coal and biofuel are relatively large and
transport isexpected to expand rapidly in coming years. Over the Himalayas,
for 1990 to 2000, simulated snow/ice cover decreasesby ~0.9% dueto aerosols.
Thecontribution of theenhanced I ndian BC tothisdeclineis~30%, similar to
that simulated for 2000 to 2010. Spatial patterns of modeled changesin snow
cover and precipitation, similar to observations (for 1990 to 2000), are mainly

obtained with the newer BC estimates.

India is a rapidly growing economy with GDP growth &8 trillion (PPP) for 2007 and
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with strong future growth potential. To meet economic dedsaipower-generation capacity
has to increase significantlit)( Indian CGQ emissions rose from over zero billion tonnes to
over one in the last 30 years and is expected to reach tworbiitinnes by 2030. India also
has the world’s fourth biggest coal reserve. As expectedsnns of GHGs and particulate
matter or aerosols have been increasing over the last femdde@nd are expected to increase
in the future as well due to rapid industrial growth and sloamission control measures. Black
carbon (BC) aerosols, released from incomplete combugteore been increasingly implicated
as causing large changes in the hydrology, surface radjaéitmospheric heating rates and
radiative forcing over Asiaq, 3) and its deposition on snow cover is thought to increase snow
melt (4-7). In India BC from biofuel combustion is highly prevaler&, @ and compared to
other regions, BC aerosol amounts are quite high.

Climate impacts over India from BC aerosols have been siueitensively through the
Asian Brown Cloud project1(0-12. Recent thinning of glaciers over the Himalayas (some-
times referred to as the third polar regidrB), see Fig.S1 for location) have also raised concern
on future water supplies since these glaciers are the maiplysof water to ten large river
systems that are the lifeline to more than two hundred mmilpeople inhabiting the surround-
ing areas. A recent study has suggested that 915driimalayan glaciers in Spiti/Lahaul
(Himachal Pradesh (30-38, 76-79E, India) thinned by an annual average of 0.85 m between
1999-2004 {4). Data from the Asian Brown Cloud project?) was used in a modeling study
to suggest that the melting of the Himalayan glaciers idedl#o enhanced heating from BC
aerosols and GHGs of 0.25K per decade, from 1950 to presemtaisto observations), of
which the BC associated heating is 0.12 K per decade. Usintaldiyan ice core records a
significant amount of BC deposition was found in the Everegitan for the 1951-2000 period
with strong increases in BC since 199%) and observed records of snow cover trends have

indicated a sharp decline f4% from 1997-2003X6).



To quantify changes to snow/ice cover and precipitatiorr tve Indian subcontinental re-
gion due to aerosols (includes sulfates, organic matter)(@M BC) we analyze their climate
impacts for 1990 to 2010. We use the NASA Goddard InstituteSpace Studies climate
model coupled to an on-line aerosol chemistry/transpodehand include the impacts from
the aerosol direct effect (DE), aerosol-cloud interadifiE) and changes to snow/ice albedo
from BC deposition (BCA) 17). To understand how climate may vary based on changes in
emissions for particular decades and also from differemtesnission inventories used, we
examine various simulations listed in Table 1. All emissiother than carbonaceous aerosols
are described inl{7). For carbonaceous aerosols, emissions are basetBp(réferred to as
Bond emissions) and additionally we use more recent enmsgrom (L9) (referred to as Beig
emissions) that differ from the Bond emissions for the Indiegion (7.5-37.5N, 67.5-97.8
E) mainly for contributions to BC from coal, transportati&md to some extent biofuel sources.
The Beig emissions use emission factors adopted f&dythat provides separate emission fac-
tors for developed, under developed and developing castand these emission factors are
higher than that used ii8).

As shown in Table 1, BGIBCB, and BCIL/BCB, denote simulations that use the Beig/Bond
emissions for 2000 and 1990, respectively. Simulationsitidude the BCA effect are de-
noted in a similar manner but have the suffix/s.denotes differences between simulations,
'’ changes from changing emissions based on economic gctaifterent time periods) and
'’ changes from both climate and emissioABCEP (BC Emission changes for Present-day)
represents changes due to differences between the Beigombdnissions for BC for present-
day (2000) climate and emissions. For future climate chamgpactsABCIEF ( BC Indian
Emissions for the Future) denotes differences betweeryu&ihemissions for 2010 and 2000
(BCISCF - BCIS) for the Beig emissions.

Annual surface distributions for sulfates, OM, BC from fid'sso-fuel (BCF) and biomass



sources for BGJ indicate high sulfate and BCF concentrations over Indig.&1). Average
values of BCF over India (4to 40 N and 65 to 105 E) are 2.03ugm~3 using the Beig
emissions versus 1.Qm~3 using the Bond emissions. FWBCI./ABCB, (Fig.S1), sulfates
decrease over Europe and North America but increase over (Astably over China, India
and the Middle East). Changes to OM are mainly from biomadssoms and are similar to
changes to BC from biomass. Like sulfates, BCF increasasAsia compared to the decrease
observed over the Europe and North America.

For BCF, differences betweekBCI, and ABCB, are mainly from the large change in BC
emissions from India: 46 increase for the Beig emissions versu§ilihcrease for the Bond
emissions. The annual average instantaneous radiatei@dgsrfor aerosols are given in Table
S1. While other aerosol DE values are similar we obtain afaaft2.6 increase in BCF forcing
(for a factor of 2 increase in BCF emissions) #8BCIl. compared taABCB,. Thus, the total
DE is greater forABCI, (0.12 W 2) compared taABCB, (-0.16 Wn12). For the IE we
obtain values of 0.10/-0.30 Wm for ABCI./ABCB, over India. The smaller value of the IE
for ABCI, comes from smaller changes to cloud liquid water path (LWR) a decrease in
total cloud cover (CC) compared t8BCB, (See Table S2). Thus, the reduction in CC and
LWP (similar to the semi-direct effect described 1 {23) due to the heating effects of BCF
outweigh the impacts from the IE. The positive aerosol fugsiobtained foABCI, can have a
strong impact on climate. For the rest of the discussion,ogad mainly on the heating effects
of BCF on climate over the Indian region.

Table 2 indicates values simulated for net radiation at TRR-{TOA) and the surface (NR-
sfc). NR-TOA forABCI. is positive (due to the enhanced BCF) compared to the negadiue
for ABCB,, and NR-sfc is negative for both due to the overall aerosad lmcreases for both
cases that reduces radiation that can reach the surfaceheBtimg effects of BCF over the

column are stronger foABCI, as indicated by the increased value for the atmospherie forc



ing obtained. This decreases CC and snow/ice cover andpfiegimn is reduced compared
to ABCB.. For simulations with climate (SST) effects, (comparihgCl. with ABCI.) with
warmer SSTs, CC increases. With increased clouds, NR-T@#fedses and snow-cover in-
creases ( atmospheric forcing is reduced).

With the addition of the impact of BC on snow/ice surfacescymigation and CC actually
decrease as does snow/ice cover. BCA forcings are 0.0MI@22 for ABCIS,./ABCBS..
For .’ only effects, these values are 0.03/-0.02 Whior ABCIS,/ABCBS.. With climate
effects included, a reduction in precipitation resultséad BC deposition on the surface and
thus reduced snow albedo forcings. This is further confirtmed small reduction in surface
BCF amounts for the simulations with changes in climate eRRatt changes to snowl/ice cover
shown in Fig.1 are a decline of 0.97/1.1 (%) #6BCIS../ABCBS.. and without any climate
influence values are -0.86/-0.63 (%). The aerosol contdhub this decline is~90%/60%
for the Beig/Bond emissions and the enhanced BCF from thg 8miissions result in a 36%
decrease in snowl/ice cover.

In general for .’ only driven changes, with increased atmospheric forcampw/ice cover
decrease (see Table S2). The spatial patterns of simulat@dake of snow/ice cover (near
30°N) and an increase to the northeastern side, similar to wéisens (Fig.S3) is mainly ob-
tained with the Beig emissions as shown in Fig.'s 1 and 2 (&fppdanel). This pattern also
coincides with the BCA forcings (Fig.S4) and warmer surfieperatures (Fig.S5). Although
the snow/ice cover decline is less than indicated in obsiensand the BCA forcing is smaller
than other modeling studie§,(19, qualitative features do indicate a BC impact on snow/ice
cover, obtained for the higher BCF emissions.

For the future (2000 to 2010) BCF emission increase, the hpwddicts that the geographic
pattern of snow/ice cover change is reversed to some exsesii@vn in Fig.2. Despite the

high BCA forcings for the future over the entire Himalayamél-Kush region (Fig.S4), the



temperature pattern (Fig.S5) is more consistent with tlesvSoe cover changes indicating a
stronger atmospheric heating influence from BCF. These raaglated to the spatial distribu-
tion of BCF aerosols (higher BCF values are more concemntratar eastern/western India for
ABCIEF/ABCEP) and the prevailing winds (Fig.S6) that show opposifessfor ABCIEF and
ABCEP (more westerly foABCIEF). For ABCIEF, the higher BCF amounts (51%) results
in a decrease in snowl/ice cover (-0.05%). If we include tihmate effect (BCISCF-BCIg,
snow/ice cover declines by 0.16%. (Note that these futuamgbs are due to increased BCF
aerosols only as the other aerosols are constant). Thus B@Fhutions result in a 31% de-
crease in snow/ice cover for 2000 to 2010 similar to the 36étadese obtained from differences
between the Beig and Bond emissions for 1990 to 2000.

In addition to snowl/ice cover changes we also examine clzaimgthe summer (June to
August) precipitation due to BCF aerosols in Fig. 2. We findrammease in summer precipi-
tation for the eastern parts of India with a decline in mokeotreas from the increased BCF
emissions for present-day climate (Year 2000). For theréupojection, with an increase in
BCF emissions the decrease is confined to the north-cemdasauthern parts. FakBCI,..
and ABCI, precipitation changes over most parts of India (Fig.S7)sam@lar to observed
trends @4) for similar time periods (Fig.S8); however the simulatadrease over eastern In-
dia/Bangladesh foABCI,. is opposite to observed trends. Trends based on summealtainf
from the Indian Meteorological Department (IMD) dagb) for the 1990-2000 period indicate
a decrease over much of central India but an increase ovieredsdia (Fig.S9). However, the
number of stations in eastern and northern India are spamspared to the southern parg%).
Using the same data-set but for the 1950-2000 time periodaease in extreme rainfall events
was found for India but with no strong trend otherwi26)( Based on the uncertainty that exists
with precipitation data, we suggest that the simulatiorth tie Beig emissions best capture the

decline over central India indicated by both observationtsBC aerosols can influence extreme



rainfall events, as indicated by the strong increase orledia (Fig.2).

Although we do not preclude the influence of large-scaleutatoon on spatial patterns of
precipitation or snow cover changes, our results indidsdéderosols and the enhanced Indian
BCF aerosols in particular may be responsible for some obkiserved patterns and trends in
snow/ice cover and precipitation. The range in climate ictp&om the two emission invento-
ries examined provide an estimate of the expected uncgriaiclimate change from aerosols
for the last decade and illustrate future expected chadlerigpm aerosols and BC emissions
in particular. Preserving the present snow/ice cover orttihid polar ice cap would require
concerted efforts to reduce both GHGs and BC emissions fimathas well as transportation

and residential cooking/heating sources.
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Table 1: Description of simulations used for the study. Aftglations use the Beig emissions
unless otherwise indicated. Emissions from year 2000 arsidered as present-day since these
are the most current full suite of emission inventories laéde for the chemistry model. Sea-
surface temperatures for 1993-2002 are warmer by 0.19K amedpo 1975-84. Only black
carbon emissions from fossil and biofuel are for 2010, tts ¢gulfates, organic matter and

black carbon from biomass) are from year 2000.

Simulation Aerosols Sea-surface/sea ice temperature efses treated

BCly
BCly
BCI,
BCBy
BCB,
BCB.
BCIS
BCIS
BCIS.
BCBS,
BCBS
BCBS.
BCISCF

1990
2000
2000
1990
2000
2000
1990
2000
2000
1990
2000
2000
2010

1975-84
1975-84
1993-2002
1975-84
1975-84
1993-2002
1975-84
1975-84
1993-2002
1975-84
1975-84
1993-2002
1993-2002

11

Aerosol Direct + Indirect effects
Like BGI

Like BGI

Like BGIlbut with Bond’s emissions
Like BCB

Like BCB

Like BGl+ BC deposition on snow/ice
Like BCIS

Like BCLS

Like BCIgSbut with Bond’s emissions
Like BCBS

Like BCBS

Like BCIS



Table 2: Annual average differences in TOA net radiation {NPA), surface net radiation

(NR-Sfc), atmospheric forcing, snow/ice cover, precijit@and total cloud cover for the Indian
region (4-40° N and 65-105 E) for the various simulations.

Variable ABCIl, ABCB. ABCI. ABCB,
NR-TOA (Wm~2) 0.14 -0.42 -1.31 -1.74
NR-Sfc (Wnt2) 111 -1.22  -051  0.22
Atmospheric forcing (Wm?)  1.25 0.80 -0.80 -1.96
Snow/ice cover%) -0.46 0.46 0.33 0.54
Precipitation (mm/day) -0.08 0.05 0.08 -0.01
Total cloud cover %) -0.60 0.44 -0.10 -0.26
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Figure 1: Average difference in annual snow/ice cover (%ftferences in emissions between
2000 and 1990 with (left panel) and without (right panel) ¢hmate influence. The top panels
representABCI,.. (left) and ABCI. (right) and the bottom panels represé&yBCB,.. (left) and

ABCB:, (right).
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Figure 2: Average difference in annual snow/ice cover (%it fpanel) and June-July-August
precipitation (mm/d) (right panel). The top panels repneskfferences due to black carbon
used in the Beig and Bond emissions for present-day (Yead)2QOBCEP) and the bottom
panels represent future changes (2000 to 2010) from bladiornafor the Beig emissions
(ABCIEF).

Supplementary text: Material and M ethods

The Goddard Institute for Space Studies climate model, MO x5° horizontal resolution
and 20 vertical layers) used in this study is described imibet (27). The aerosol chem-
istry/transport modelZ8, 29 includes sulfate chemistry and source terms for organitteana
(OM includes organic carbon (OC) and associated specie®Ma 1.3XOC) and black car-
bon (BC) aerosols that are transported and subject to the gduysical processes (wet/dry
deposition) as sulfates. Both sea-salt and dust are treatedtural emissions, and their an-

thropogenic fraction is assumed to be zero, based on thedepable uncertainty that exists
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in determining their anthropogenic fractions. We alsoudel schemes to treat aerosol-cloud
interactions, the so-called aerosol indirect eff&&,30. An increase in aerosols can increase
cloud droplet number concentration (CDNC) and reduce ctivoglet sizes, thereby increasing
cloud optical depth and reflectivity if the cloud liquid wat®ntent is unchange®1). These
reduced droplet sizes also inhibit precipitation, incregi€loud liquid water path (LWP) and
optical depth and hence cloud reflectivi82}.

Although the treatment of the indirect effect is similar ioncept to that in 30, 33, 34,
we include a different treatment to calculate CDNC and igestal number. We use a prog-
nostic equation to calculate CDNC, based 8B)( This includes both sources (newly nucle-
ated CDNC) and sinks (CDNC loss from autoconversion, ca@tiad immersion freezing) for

CDNC. The nucleation term (Q.;) [~ s~!] for CDNC is from @36) given as:

1.27
Qnucl = max [é <01 <ﬁ%> - CDNCOld> ,d| (1)

where N, is the aerosol concentration obtained from the aerosol asiss37), w is the vertical
velocity obtained by taking into account model grid-mealooy and sub-grid turbulence, and
a =0.023 cn s! is a constant obtained from aircraft measuremefitss the time step in the
model and CDNG,, is the CDNC from the previous time step. For ice crystal catregions we
include both heterogeneous freezing via immersion andeatioln by deposition/condensation
freezing following the treatment described in more detgi(®5). However, aerosols do not
directly affect ice crystal nucleation since consideralneertainty exists in determining the
fraction of aerosol species that may serve as ice nuclei.

To represent BC deposition on snow and ice surfaces and etibins to snow/ice albedo
we use the treatment described in more detail®)y Essentially BC concentrations in the top
layer of snow (land and sea ice) are used to calculate the@laeluction on snow grains with

sizes varying from 0.1 to 1 mm. The forcing is then obtaineadlgulating the instantaneous
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TOA radiative flux with and without the BC impact on snow/i¢kealo when the radiation rou-
tine is called. A similar method is used to calculate theifagydor the aerosol direct effect. The
aerosol mass, optical properties and the aerosol direzttdffave been extensively evaluated
in (7). The aerosol indirect effect is calculated from changasémet cloud forcing obtained
from the difference between total and clear skies for eatthacthe radiation routine.

For emissions, we use the sulfur emissions from the Emissatabase for global atmo-
spheric research (V3.2 1995). Biomass emissions for atisa¢s (sulfates and carbonaceous
aerosols) are based on the Global Fire Emissions Databiseafbon estimates with emission
factors from 88). More details on emissions, including natural emissioseduare described
in (7). Climatological (monthly varying) sea surface tempemasuand sea ice extent are based
on averages from 1975-1984 or from 1993-2089 ( Model simulations are run for 63 months
and averages for the last five years are given, allowing f@irasp time of three months. Sig-
nificance of values represented in the analysis for difiegemetween simulations are discussed

in more detail in 84).
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Table 3. Annual average instantaneous shortwave radiatigaggs at the tropopause averaged
over India (4-40° N and 65-105° E) for the various simulations. OM refers to organic mat-
ter, BCB to black carbon from biomass sources and BCF to dadion from fossil/bio-fuel
sources. Global values are given in parenthesis. Alsodedare values for the aerosol indirect
effect (estimated from changes to the net (shortwave + langyvcloud forcing), cloud liquid
water path (LWP) and total cloud cover. All units are in Whunless otherwise indicated.

Species

Sulfate

oM

BCB

BCF

Aerosol direct effect
Liquid water path (gm?)
Cloud cover (%)
Aerosol indirect effect
Total aerosol effect

BGJ BCB, ABCI, ABCB,

-1.12(-0.86) -1.11(-0.86) -0.13(0.04) -0.158).0
-1.19 (-0.47) -1.19(-0.46) -0.11(-0.02) -0.11(-0.02)
0.084 (0.14) 0.085(0.14) 0.003 (0.008) 0.004 (0.009)
1.29(0.31) 0.76(0.27)  0.36(0.03)  0.10 (0.005)
-0.94 (-0.88) -1.46(-0.91) 0.12@.0 -0.16(0.02)
43.33 (47.88) 44.78 (48.05) 0.02(0.056)  0.46 (0.22)
50.51 (57.42) 51.33 (57.43) -0.60(0.02) 4QM48)
-13.9(-16.6) -14.7(-16.7) 0.10.40) -0.30 (-0.11)
-14.8 (-17.5) -16.2(-17.6) 0.22 (4.0 -0.46 (-0.09)

Table 4: Annual average atmospheric forcing (Winand snow/ice coverf) changes for the

various simulations.

Variable

ABCIl. ABCB. ABCIS, ABCBS

Atmospheric forcing (Wm?)  1.25 0.80 1.97 1.92

Snowl/ice cover%)

-0.46 0.33 -0.86 -0.63
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Figure 3: Map of the Indian subcontinental region showing@ tHimalayas. The
Himalayan-Hindu-Kush region extends 3500 km from Afghtando Myanmar (Burma) (from
http://www.worldatlas.com).
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Figure 4: Average annual surface layer mass concentratiqpgm~—3) for sulfate and organic
matter (OM) from all sources and black carbon (BC) from fidisgi-fuel and biomass sources
for simulations BCJ (left panel), ABCI. (middle panel) andABCB, (right panel). Values
for BC in the left panel are multiplied by a factor of 10 to féeite comparison with other
aerosols. Global values are listed on the rhs. Note thabadgh only the BC emissions from
fossil/bio-fuel sources are different between the simaiest used hereXBCIl. andABCB,),
small differences in concentrations for sulfates or OM or #@n biomass do occur, most
notably for sulfate. These are due to feedbacks to aerossie¢ially for the sulfur chemistry
cycle) from the various physical processes representetsgeeenging, radiative heating from
BC aerosols, dry deposition, etc.) and associated cloudgesa
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Figure 5: Trend in annual linear snow cover (expressed asr¥quade) from 1990 to 2001 as
obtained from the National Snow and Ice Data Center (NSIDEJIE Grid weekly snow cover

and sea ice extent datasé0). Trend is based on a least-square linear fit.
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Figure 6: Differences in annual average forcing (0.1 Wyrfrom changes to snowl/ice albedo
due to black carbon deposition on snow/ice surfaces fordhiews simulations.
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Figure 7: Similar to Fig.4 but for temperature at 630 hPa. \8ke temperatures at 630 hPa
(~4000 m) that are indicative of surface temperatures for igé mountain ranges in the
Himalayan-Hindu-Kush region that vary in height between 3 km (12).
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Figure 8: Differences in annual average black carbon (B@smds from fossil and bio-fuel
sources (left panel) and wind fields at 630hPa (right pandlkg top panels represent differ-
ences due to black carbon used in the Beig and Bond emissioqsdsent-day (Year 2000)
(ABCEP) and the bottom panels represent future changes (94ér-2year 2000) from black
carbon for the Beig emissionaBCIEF).
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Figure 9: Average difference in summer (June to August)ipitation for differences in emis-
sions between 2000 and 1990 with (left panel) and withogh{rpanel) the climate influence.
The top panels represe®dBCl,.. (left) and ABCI, (right) and the bottom panels represent

ABCB,. (left) and ABCB, (right).
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Figure 10: Trend in summer (June to August (JJA)) precijpitabetween 1990 and 2000 using
observations from CRU TS2.@4) available at http://data.giss.nasa.gov/prazi'maps.html.
Global mean change is given on the r.h.s. of the figure.
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Figure 11: Trend in summer (June to August) precipitatiorveen 1990 and 2000 using ob-
servations from the Indian Meteorological Department (IMiata @5).
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